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INTRODUCTION AND BACKGROUND 
Plant photosynthetic assimilatory processes account for 
more than 90% of dry matter yield and crop production improve­
ment is closely linked to enhancement of photosynthetic 
activity per unit land area. One means of increasing photo­
synthesis is through the development of crop cultivars with 
enhanced photosynthetic efficiency per unit leaf area. This 
efficiency is believed low relative to its potential and 
research efforts for more than a decade have been directed 
toward the possibility of improving intraspecific cultivar 
photosynthesis. 
Genotypic variation in photosynthetic rate exists for a 
number of crop plant species and the assumption has been that 
dry matter productivity is closely related to photosynthetic 
rate. Total biological production over a given time period 
must correspond to net carbon assimilated per unit leaf area 
minus a dark respiratory component per unit leaf area mul­
tiplied by the total amount of leaf area. In this way, if 
respiratory activity and total leaf area do not vary, culti­
vars with the highest leaf photosynthesis (carbon dioxide 
exchange rate [CER]) should exhibit the most rapid growth in 
dry weight. 
The economically important yield is usually some propor­
tion of the total dry matter yield. Determination of economic 
yield, thus, involves further considerations such as* 
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1. Limitations imposed by the size of the economic yield 
organ (as grain, tuber, etc.); 
2. Differences in efficiency of translocating assimilates 
to economic products; 
3. Different patterns of partitioning of assimilates 
into different plant parts; 
4. Variation in organ respiratory activities, activity 
of competitive, nonproductive "sinks" for photosyn-
thetic assimilates (such as roots, stems, stem bases, 
or tillers); 
and other possible sources of dry weight apportioning 
variation. 
Even though highest rates of biological yield accumula­
tion do not necessarily mean higher economic yield, it seems 
reasonable that greater biological yield potential would pro­
vide a better background for economic yield improvement. 
Some reports of a good relationship between leaf CER 
and yield do exist (Akiyama and Takeda, 1975; Brinkman and 
Frey, 1978), Unfortunately, in the majority of cases neither 
plant growth rate nor economic yield have consistently been 
related to leaf CER (Evans, 1975; Nasyrov, 1978). In some 
cases, a negative relationship between leaf CER and yield has 
been observed (Evans and Dunstone, 1970; Hanson, 1971; 
Irvine, 1975; Kaplan and Roller, 1977). Much of the contra­
dictory evidence for a photosynthesis/productivity relation­
ship is thought to be associated with variations in leaf area. 
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In this way, leaf area compensation by lower CER cultivars 
results in equal or greater total plant CER (Delaney and 
Dobrenz, 1974; Irvine, 1975). It appears that in addition 
to leaf area, there is some evidence that dark respiration 
interacts with leaf CER (Jones and Nelson, 1979). Other 
factors such as translocation rates, dry matter distributions 
and other parameters described earlier may also be variable 
among crop cultivars. 
Little is known about the growth patterns and other 
physiological characteristics of crop cultivars which are 
variable in photosynthetic capability. Knowledge of the 
mechanisms of differences in CER would be useful in attempting 
to establish connections between photosynthesis and yield. 
These mechanisms are not well-understood generally, but it is 
likely that the reasons for varietal CER variation differ 
among crop plant species. 
Physiological mechanisms contributing to CER variation 
are most likely to differ among the major photosynthetic 
assimilatory groups, the Cg and C^ carboxylation species. 
Some studies have investigated mechanisms of varietal CER 
variation within a crop species, but much less is known 
about C^ than Cg species (Evans, 1975; Wilson, 1979). 
Maize (Zea mays L,) is a C^ species and exhibits geno-
typic variability in CER capability (Heichel and Musgrave, 
1969; Heichel, 1971; Crosbie et al,, 1977). Although some 
mechanisms of cultivar photosynthetic variability have been 
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investigated in maize, reasons for these CER differences re­
main obscure. As selection programs for CER improvement in 
maize proceed, it is important to investigate cultivars dif­
fering in leaf CER with regard to other physiological 
processes. The three studies which follow were directed 
toward physiological comparisons among high and low-CER 
maize cultivars. These experiments had three general 
objectives; 
1. To investigate possible vegetative growth pattern 
differences among high and low CER maize lines; 
2. To determine possible advantages or disadvantages 
pertaining to nitrogen fertility utilization which 
may be associated with leaf CER; 
3. To investigate a possible causal mechanism for leaf 
CER differences by determining if variation in 
stomatal frequency or activity is associated with 
relative leaf CER. 
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PART I. GROWTH ANALYSIS OF MAIZE HYBRIDS DIFFERING 
IN PHOTOSYNTHETIC CAPABILITY 
6 
INTRODUCTION 
In,traspecific variation in carbon-dioxide exchange rate 
(CER) has been observed in a number of crop plant species. 
Although leaf photosynthesis is a primary component of dry 
matter productivity, it has been inconsistently related to 
economic yield (Moss and Musgrave, 1971; Yoshida, 1972; 
Trëherne, 1972; Evans, 1975; Nasyrov, 1978). Biological 
yield is dependent upon leaf CER over the total active leaf 
area minus respiration. Economic yield is often some propor­
tion of biological yield that is affected by other variables 
such as translocation or partitioning efficiencies, sink size 
or competitive sink activity. Leaf area has a greater effect 
on yield than does leaf CER (Duncan and Hesketh, 1968; 
Radmer and Kok, 1977; Kaplan and Roller, 1977) and much of 
crop improvement in the past has come from leaf area increases. 
Future productivity enhancement, however, will increasingly 
depend upon gains in photosynthetic efficiency. 
Other factors may also interfere with a relationship 
between leaf CER and yield. Leaf photosynthesis does not con­
sistently relate to canopy photosynthesis (Moss and Musgrave, 
1971; Delaney and Dobrenz, 1974; Vietor et al., 1977). Bio­
logical yield is correlated with total plant CER in alfalfa 
(Medicaao sativa L.), but variations in leaf area per plant 
confound any relationship between leaf CER and plant yield in 
alfalfa (Delaney and Dobrenz, 1974). Leaf area per plant and 
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leaf CER may not be independent in some species and the two 
may, in fact, vary inversely (Evans and Dunstone, 1970; 
Irvine, 1975; Kaplan and Roller, 1977). The domestication of 
wheat (Tritictun aestivum L.) has resulted in cultivars with 
greater leaf area per plant, fewer tillers, and lower leaf 
CER (Evans and Dunstone, 1970). A similar trend is observed 
in rice (Orvza sativa L.) (Evans, 1975). Leaf area per plant 
and CER are negatively correlated in sugarcane (Saccharum 
officinarum L.) (Irvine, 1975) and soybean (Glycine max L. 
Merr.) (Kaplan and Koller, 1977). Sugarcane cultivars with 
lower CER have been observed to exhibit as much as twofold 
greater leaf area per plant than cultivars with higher CER 
(Irvine, 1975), Leaf CER was, not associated with yield in 
these cultivars. This leaf area/CER phenomenon, if widespread, 
could interfere with crop improvement efforts based on photo-
synthetic enhancement. 
The objective of this research was to observe the growth 
patterns of maize hybrids selected for higher and lower leaf 
CER in order to identify factors which affect the relationship 
between CER and potential productivity. Specifically, this 
experiment was designed to determine if: 
1. Maize hybrids differing in CER differ in total leaf 
area; 
2. There are patterns of leaf area development or dry 
weight accumulation which may be associated with CER; 
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3. Date of planting interacts with any observed 
growth relationships. 
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MATERIALS AND METHODS 
Six experimental maize hybrids were selected based on 
their previously reported unit leaf area CER (Crosbie et al., 
1978). Three hybrids—(BSSSOlS x BSSS039), (BSSS018 x 
BSSS121), and Lg (BSSSOlB x BSSS151)—were selected for rela­
tively low CER. The other three hybrids—(BSSS166 x 
BSSS173), (BSSS166 x BSSS187), and (BSSS173 x BSSS187)— 
were selected for relatively high CER. 
Plants were grown at the Agronomy Research Farm near 
Ames, Iowa in 1978 and 1979 on Clarion (Typic Hapludoll, fine-
loamy mixed mesic) soils. Plots were hand-planted and arranged 
in a randomized complete block design. Fertility consisted of 
— n 
202 kg nitrogen ha incorporated prior to planting and 80 
kg ha ^ phosphorus and potassium plowed down the previous 
fall. Alachlor herbicide was applied initially for weed con­
trol and plots were subsequently hand weeded. Plants were 
spaced 25 cm apart in rows 4 m long and 75 cm apart. A 
second, later planting (June 6, 1978; June 6, 1979) followed 
the first planting (May 6, 1978; May 5, 1979) in both years. 
Sampling Procedure and Measurement 
At weekly intervals beginning one week after emergence, 
three randomly selected whole plants of each cultivar in 
each of four replicates were excised at the soil surface and 
transported to the laboratory for CER, leaf area, and dry 
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weight determinations. Prior to measurement, plants were 
divided into main culm and tillers. 
Sampling continued for 4 weeks in the early planting of 
1978, five weeks in the later planting of 1978 and continued 
through six weeks with both planting dates in 1979. 
Carbon-dioxide exchange rate (CER) was measured on the 
most recently fully expanded leaf on the main culm. The leaf 
was excised and kept in a water saturated paper bag prior to 
CER measurement. Plots were repeatedly sampled on a given 
day to insure fresh material for CER determinations. All 
sampling was completed before 11:00 a.m. CDST to prevent the 
possibility of moisture stress. The CER was measured by us­
ing the air-sealed chamber method of Pearce et al. (1976). 
It consists of cutting a rectangular section (1.6 cm x 11.7 
cm) from each leaf with a leaf punch for use in CER determina­
tions. Sections were preconditioned for 20 to 30 minutes 
under 1,000 fiE m ^sec ^ photosynthetic photon flux density 
(PPFD). The CER of each leaf section was measured by differ­
ential gas analysis. The CER was measured at PPFD levels pf 
—  2 — 1  1990 p.E m sec for three to eight minutes. Chamber tempera­
ture was 29 ± l°c and the air entering the chamber contained 
320 to 340 ppm COg- The CER was calculated according to 
Hesketh and Moss (1963). The average of three CER determina­
tions was used as the varietal mean value of each replication. 
Leaf area determinations were made upon exposed areas of 
maize leaf blades. Emerged blades were excised at the collar 
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and blades emerging from the whorl were excised at the margin 
of exposure. Blade area was measured with a Li-Cor Model 
3100 Area Meter with Model LI 3050A/s conveyer feeder (Li-Cor 
Instruments, Box 4425, Lincoln, Nebraska). 
Dry weight of plant material was determined by drying 
plant samples for at least 72 hours at 50°c and weighing. 
Leaf area ratio (LAR) was calculated according to the 
2 
formula LAR = LA/W; where LA equals leaf area per plant in cm 
at any measurement and W equals dry weight of above ground 
plant in grams at the same sampling. 
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RESULTS 
Carbon-dioxide exchange rate (CER) measurements at each 
sampling supported the grouping of hybrids with respect to CER 
(Figure l). The first two weeks after emergence, CER was 
generally lower and the two groups did not always differ 
statistically, but the ranking of the hybrid means remained 
consistent. The CER values of the CER groups at later sampl­
ings were generally separated with statistical confidence. 
Early samplings were often lower and more variable in CER and 
this may have been due to cooler growth temperatures early 
in the season. The CER was generally lower in early season 
measurements. Lower CER values may have resulted from leaf 
ontogeny variation, nutrient availability differences, growth 
environment temperatures, or other factors. A CER depression 
following overnight cool temperatures has been reported 
for dry bean (Crookston et al., 1974). 
Leaf size may also have been a factor in early CER 
values. Entire leaves were measured with these early samplings 
and smaller leaf sections may have had a greater sensitivity 
to stressing under CER measurement conditions. Early CER 
measurements were not as low or as variable in the second 
planting in 1979, suggesting temperature effects and other 
factors in addition to leaf size. 
Main culm leaf area was not associated with difference in 
CER (Tables 1 and 2). Differences in leaf area between 
Figure 1. Carbon dioxide exchange rate (CER) (mg CO, 
. -2 -1 dm hr ) measured at 1990 (lE m sec at weekly 
intervals of most recent fully expanded leaf of 
maize hybrids. Hybrids were selected based on 
previously observed high (H^, Hg* Hg) or low 
(L^, Lg, Lg) CER; expressed as means of three 
determinations in each of four replicates 
(12 plants) 
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1978 SEASON 
May 6 Planting 
I LSD(.05) 
•H i  
—
1 0
 
• H 2 • L2 
A H3 A L3 
— Hx 1 1 1—
 
X
I 
J I I L 
June 6 Planting 
A 
I  I  1 1  
I I I I 1 L 
1979 SEASON 
May 5 Planting 
I I I I I I 
J L J I L 
1 2 3 4 5 6 
June 6 Planting 
I 
À 
9-
A 
I  I I I 
J L J L 
1 2 3 4 5 6 
TIME AFTER EMERGENCE (weeks) 
2 ~1 Table 1, Exposed leaf area (cm plant ) at each sampling of field-grown plants of 
maize hybrids selected for high or low CER; expressed as the mean of 
three determinations in each of four replicates (12 plants), 1978 season 
Hybrid 
Main culm Main culm plus tillers 
Time after emergence 
12 3 4 
(weeks) 
5 6 
Time after emergence (weeks) 
1 2 3 4 5 6 
2 — 
•cm plant -
May 6 planting 
High-CER selections 
«1 97 302 825 3056 NS^ ; NS 97 302 851 3227 NS NS 
«2 101 290 1083 2803 NS NS 101 290 1409 3759 NS NS 
«3 98 318 995 2725 NS NS 98 318 1027 3319 NS NS 
X 98 303 980 2867 98 303 1096 3435 
Low-CER selections 
L 
1 
110 368 910 3397 NS . NS 110 368 925 3397 NS NS 
L 
2 107 306 1099 2926 NS NS 107 306 1115 2948 NS NS 
L 
3 133 335 850 2983 NS NS 133 335 918 3083 NS NS 
X 117 336 948 3093 117 336 986 3143 
LSD .05 21 115 218 415 21 116 166 281 
= not sampled. 
Table 1, (Continued) 
Main culm 
Hybrid 
Time after emergence (weeks) 
1 2 3 4 5 6 
Main culm plus tillers 
Time after emergence (weeks) 
1 2 3 4 5 6 
-1 
•cm pxdiit — 
June 6 planting 
Hiah CER selections 
«1 102 523 1633 3038 5319 NS 102 523 1643 3100 5327 NS 
«2 122 560 1791 3340 5532 NS 122 560 1865 3479 6160 NS 
H3 97 581 1783 2898 5507 NS 97 5 81 1805 2916 5507 NS 
X 92 555 1735 3098 5453 92 555 1771 3165 5664 
Low CER selections 
L 
1 
95 397 1506 3078 4918 NS 95 397 1506 3078 5046 NS 
L 
2 131 503 1721 2856 5160 NS 131 503 1731 2856 5230 NS 
L 
3 122 543 1636 3729 5525 NS 122 543 1648 3739 5553 NS 
X 108 481 1621 3221 5201 108 481 162 8 3262 5276 
LSD .05 13 88 326 411 429 13 88 216 380 340 
2 —1 Table 2. Exposed leaf area (cm plant ) at each sampling of field-grown plants of 
maize hybrids selected for high or low CER; expressed as the mean of three 
determinations in each of four replicates (12 plants), 1979 season 
Main culm Main culm plus tillers 
Time after emergence (weeks) Time after emergence (weeks) 
Hybrid 1234 5 6 123 4 5 6 
2 —1 
cm plant 
May 5 planting 
Hiah~C]ai selections 
«1 21 64 235 571 1142 2411 21 64 249 651 1422 3691 
"2 21 
80 264 596 1200 2546 21 88 297 744 1775 3970 
»3 16 55 222 545 1158 2551 16 55 227 624 1333 3484 
X 19 66 240 570 1167 2502 19 66 258 673 1509 3714 
DW-CER selections 
17 59 203 514 1032 2292 17 59 203 514 1032 2291 
19 66 181 522 1008 2158 19 66 184 527 1008 2158 
L 
3 21 76 259 614 1139 2760 21 76 259 620 1139 2794 
X 19 67 215 550 1058 2403 19 67 216 554 1058 2414 
LSD .05 38 66 127 186 40 91 188 412 
Table 2. (Continued) 
Main cylm Main ml m ni ng tillers 
Time after emergence (weeks) Time after emergence (weeks) 
Hybrid 123 4 5 6 123 4 5 6 
2 ~ 1 
cm plant 
June 5 planting 
Hiqh-CER selections 
«1 26 70 579 1299 3081 4512 26 70 627 1554 3782 6067 
"2 36 114 602 1366 3044 5034 36 114 707 1744 5077 8092 
^3 29 82 565 1309 3283 4860 29 82 614 1498 4265 6736 
X 30 89 582 1325 3136 4802 30 89 649 1599 4375 6965 
Low-CER selections 
L 
1 25 83 521 1083 2724 4405 25 83 530 1099 2729 4631 
30 78 504 1090 2791 4420 30 78 508 1123 3205 5453 
^3 22 96 747 1453 3314 5459 27 96 748 1485 3604 6542 
X 27 85 590 1209 2943 4761 27 85 595 1236 3179 5542 
LSD .05 4 16 52 127 238 378 4 16 68 149 310 582 
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hybrids within a CER group were not comparable between years. 
Leaf area differences of main culms were not greater between 
CER groups than within groups. 
Tillering activity between the two CER groups was quite 
different both years (Tables 1, 2, and 3). All three hybrids 
of the high-CER group produced greater leaf area in tillers 
than any of the low-CER hybrids (Table 3). Tillering was 
greatly reduced in later seeded plants in 1978, Tillering 
was not as much affected by late planting in 1979, perhaps 
because of the unusually cool June and July in 1979. Although 
total leaf area was usually greater in the high-CER group, 
the advantage was due to greater tillering. When tillering 
was reduced by late planting in 1978, little difference in 
total leaf area was observed between the two CER groups. 
Dry weight differences between the two groups were also 
attributable to differences in tillering (Tables 4 and 5). 
When conditions favored tillering, total dry weight of tillers 
was significantly greater in all three high-CER selections 
than in any of the low-CER selections. The high-CER hybrid 
BSSS173 X BSSS187 consistently produced significantly greater 
tiller dry weight than the other two high-CER hybrids. This 
hybrid often ranked highest in CER among the three high photo-
synthesizers (Figure l). 
When main culm leaf area and dry weight were considered 
at each sampling, the high-CER and low-CER groups were similar. 
Substantial tillering in the high-CER group, however, 
2 ~1 Table 3, Total leaf area (blades only) of tillers (cm plant ) at each sampling 
time of field-grown maize hybrids selected for differences in CERj ex­
pressed as the mean of three determinations in each of four replicates 
(12 plants) 
Hybrid 
May 6 Planting 
-Time after emergence (weeks) 
3 4 5 6 
June 6 Planting 
-Time after emergence (weeks)-
3 4 5 6 
2 -1 
•cm plant -
1978 season 
High-CER selections 
H 
1 
26 171 NS NS 10 62 8 NS 
«2 326 956 NS NS 74 139 628 NS 
«3 132 594 NS NS 22 18 0 NS 
Low-CER selections 
L 
1 15 0 NS NS 0 0 128 NS 
^2 
16 22 NS NS 10 0 70 NS 
68 100 NS NS 12 10 28 NS 
LSD .05 34 51 21 37 109 
a 
NS = not sampled. 
Table 3. (Continued) 
May 5 planting 
Hybrid 
Time after emergence (veeks) 
3 4 5 6 
June 6 planting 
-Time after emergence (weeks)-
3 4 5 
2 -1 
-cm plant 
1979 season 
High-CER selections 
«1 14 80 280 1280 0 47 255 701 1554 
«2 33 148 574 1424 0.4 105 378 2033 3058 
^3 5 79 175 932 0 49 189 982 1876 
Lov-CER selections 
L 
1 
0 0 0 0 0 9 17 5 227 
L 
2 3 5 0 0 0 4 33 414 1034 
^3 0 6 0 33 0 1 32 291 1084 
LSD .05 27 30 83 289 0.17 23 73 174 428 
Table 4. Dry weight (gm plant ) at each sampling of single plants of maize hybri 
hybrids selected for high or low CER; expressed as the mean of three 
determinations in each of four replicates (12 plants), 1978 season 
Main culm Main culm plus tillers 
Time after emergence (weeks) Time after emergence (weeks) 
Hybrid 1234 5 6123 4 5 6 
—X gm plant 
May 6 planting 
High-CER selections 
H .44 H
 
00
 
6 29 NS® NS .44 1.8 5 31 NS NS 
.44 1.9 8 26 NS NS .44 1.9 11 27 NS NS 
^3 .51 2.1 7 25 NS NS .51 2.1 7 28 NS NS 
X .46 1.9 7 27 NS NS .46 1.9 7 28 NS NS 
Low-CER selections 
L 
1 
.56 2.3 6 28 NS NS .56 2.3 6 27 NS NS 
L 
2 
.53 1.8 8 27 NS NS .53 1.8 8 27 NS NS 
^3 .65 1.8 5 23 NS NS .65 1.8 6 24 NS NS 
X .58 2.0 6 26 NS NS .58 2.0 7 26 NS NS 
LSD .05 .08 .87 1.9 5 .08 .87 
^S = not saitç)led. 
Table 4. (Continued) 
Main culm Main culm plus tillers 
Time after emergence (weeks) Time after emergence (weeks) 
Hybrid 1234 5 6123 4 5 6 
-1 gm plant 
June 6 planting 
Hiqh-CER selections 
«1 .37 2.5 13 32 66 NS .37 2.5 13 33 66 NS 
«2 .44 2.8 14 33 73 NS .44 2.8 15 35 80 NS 
»3 .33 2.9 14 31 70 NS .33 2.9 17 33 70 NS 
X .32 2.7 13 33 70 NS .32 2.7 15 33 72 NS 
Low-CER selections 
L 
1 
.34 1.9 11 28 60 NS .34 1.9 11 28 61 NS 
^2 
.48 2.5 13 30 66 NS .48 2.5 14 30 67 NS 
^3 .43 2.6 12 37 73 NS .43 2.6 13 39 73 NS 
X .39 2.3 12 32 66 .39 2.3 12 32 67 
3D .05 .05 0.6 2 5.7 9.4 .05 0.6 3.0 6.3 8.5 
Table 5. Dry weight (gm plant ) at each sampling of field-grown single plants of 
maize hybrids selected for high or low CER; expressed as the mean of thre 
three determinations in each of four replicates (12 plants), 1979 season 
Main culm Main culm plus tillers 
Time after emergence (weeks) Time after emergence (weeks) 
Hybrid 123 456 123 456 
gm plant 
May 5 planting 
High-CER selections 
H .08 .28 1.50 5 15 26 .08 .28 1.59 5 17 36 
«2 .08 .33 1.65 5 - 15 29 .08 .33 1.85 6 20 42 
^3 
.06 .21 1.33 4 15 29 .06 .21 1.35 5 16 36 
X .07 .27 1.49 4 15 28 .07 .27 1.60 5 17.5 38.2 
Low-CER selections 
.07 .23 1.31 4 13 27 .07 .26 1.31 4 13 27 
^2 
.07 .26 1.19 4 12 26 .07 .23 1.21 4 12 26 
^3 .07 .29 1.56 4 13 33 .07 .26 1.56 5 13 33 
X .07 .26 1.36 4 13 28 .07 .29 - 1.37 4 12.7 28.4 
3D .05 .01 .04 .29 .10 2.8 4.7 .01 .04 .32 1 3.1 4.7 
Table 5. (Continued) 
Main culm Main culm plus tillers 
Time after emergence (weeks) Time after emergence (weeks) 
Hybrid 123 456 123 456 
gm plant 
June 6 planting 
High-CER selections 
«1 .09 .39 5 13 34 71 .09 .39 6 15 50 85 
«2 .12 .68 5 13 34 78 .12 .68 6 15 50 109 
«3 .01 .43 4 12 34 80 .09 .43 5 13 43 99 
X .10 .50 4.7 12.3 34 77 .10 .50 5.2 14.4 44.3 97 
Low-CER selections 
L 
1 
.07 .48 4 10 32 80 .07 .48 4 10 32 82 
^2 .09 .43 4 10 34 90 .09 .43 4 10 38 100 
S .08 .51 5 14 37 99 .09 .51 6 14 40 110 
X .08 .50 4.6 11.4 35 90 .08 .48 4.5 11.7 36.4 97 
3D .05 .02 .10 .52 1.3 3.8 7.0 .02 .10 .54 1.5 4.9 10 
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accounted for the differences in total leaf area between the 
CER groups. These tillering differences were also associated 
with different dry matter partitioning patterns among plant 
organs between the two CER groups. Despite equal main culm-
leaf area expansion during preceding vegetative development, 
at week 6 in 1979 June plantings, the main culm dry weight of 
the high-CER hybrids had decreased relative to total plant 
dry weight (Table 5), Tiller dry weight had increased by this 
same sampling. Plants of the high-CER group had main culm 
leaf area equal to or greater than low-CER hybrids at weeks 
5 and 6 (Table 3). Total dry weight of the high-CER group 
was greater than the low~CER hybrids at week 5 and the two 
groups were equal at week 6 (1979 June plantings. Table 5). 
These dry weight patterns suggest that high-CER hybrids were 
exporting "excess" main culm photosynthates to tillers or, 
possibly, roots. The tillers on these plants were not inde­
pendent and were serving as sinks for assimilates produced 
by the main culm. 
Leaf area ratios (cm^gm of the main culms were com­
puted at each sampling period to determine if more subtle 
changes in leaf area/dry weight relationships had been taking 
place in the two CER groups. No consistent pattern emerged 
across years and LAR variation within CER groups was as great 
as between group variation. The sampling period represented 
an exponential period of vegetative growth. High plant-to-
plant variability prevented any clear leaf area ratio pattern 
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from developing. Others have reported similar sampling 
problems with field-grown maize plants (Williams et al., 
1965; Moutonne and Couchât, 1979). Edmeades and Daynard 
(1979) reported high plant-to-plant variability during 
vegetative growth with the highest growth analysis coeffi­
cients of variation occurring one to three weeks prior to 
silking. 
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DISCUSSION 
The potential advantage of high-CER maize cultivars lies 
not only in the possibility of greater dry matter productivity 
during grain filling, but also in the less direct aspects of 
carbohydrate richness throughout plant development. Carbo­
hydrate availability and photosynthetically generated reduc­
ing power are important in vegetative and reproductive organ 
development. Photosynthesis during grain filling has received 
relatively greater experimental attention than during vegeta­
tive development. Ovule and tassel formation take place early 
in vegetative development and these "sinks" are important 
yield determinants (Evans and Wardlaw, 1976). Nitrogen re­
duction activity has a primary role in protein formation, and 
nitrate and nitrite reductase activities are often limited 
by reducing power and carbon skeleton availability in leaves 
and roots (Wallace, 1973). Photosynthetic enhancement would, 
in this way, improve nitrogen use efficiency, sink develop­
ment, and other primary physiological processes upon which 
plant growth is dependent. A relatively high carbohydrate 
state during plant development insures that growth potential 
is optimal. 
Carbohydrate richness depends on greater total plant net 
carbon exchange (CER over the entire leaf area minus dark 
respiratory losses), so that reduced leaf area in high photo-
synthesizing cultivars may interfere with a relationship be­
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tween high CER and carbohydrate richness. This appears to be 
a problem in wheat and sugarcane (Evans and Dunstone, 1970; 
Irvine, 1975). The observations reported here suggest that 
high-CER maize cultivars do not necessarily differ from low-
CER cultivars in main culm leaf area, but under some environ­
mental circumstances, total plant leaf area is considerably 
greater in high-CER maize genotypes due to tiller formation. 
Other factors may interfere with this greater potential 
for carbohydrate richness in the main culm of maize. Tiller­
ing is unproductive in maize and tillers serve as competitive 
sinks during vegetative development in wheat and sugarcane 
(Quinlan and Sager, 1962; Hartt et al., 1963, 1964; Lupton, 
1966), and during grain filling in wheat (Wardlaw and Porter, 
1967; Rhodes, 1973). In wheat, lateral tillers have a greater 
draw on main culm lower leaf assimilates than do developing 
ears on the main culm (Yoshida, 1972; Rawson and Hofstra, 
1969). These observations and those reported here with maize 
suggest that tillers do not become independent and may siphon 
off "excess" main culm assimilate from higher CER cultivars. 
The data presented here suggest that this does occur with 
high-CER maize lines. This is demonstrated by the observa­
tion that, despite equal main culm leaf area and greater CER 
in high-CER cultivars, main culm dry weight during late vege­
tative growth is similar to and tiller growth relatively 
greater than that of low-CER cultivars (Table 5). 
These data suggest that the CER/tillering relationship 
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needs to be investigated among a wide range of maize geno­
types differing in CER. MacKey (1966) presents evidence 
that tillering has been dramatically reduced in wheat during 
domestication. This tillering reduction has been accompanied 
over time by a decrease in unit leaf-area photosynthesis 
(Evans and Dunstone, 1970). These observations support the 
notion that tillering and CER may be linked physiologically. 
Perhaps meristematic activity and tiller initiation are in­
duced or stimulated by carbohydrate richness. Tall fescue 
(Festuca arundinaceae Schreb.) tillers more profusely in re­
sponse to increases in soluble carbohydrates (Booysen and 
Nelson, 1975) and other studies suggest greater leaf area ex­
pansion rates generally during carbohydrate richness (Wilhelm 
and Nelson, 1978). The tillering/CER relationship may not 
necessarily be strong genetically but relative carbohydrate 
enrichment induced by high CER may stimulate tillering in 
those genotypes with a tendency for tillering. Tillers, 
once initiated, become a growing nonproductive sink which is 
also capable of competing with grain development. 
Such a relationship between CER, carbohydrate richness, 
and tillering would have a dramatic influence on management of 
high-CER cultivars for optimum yield. Planting date, plant 
density, and growth environment could interact substantially 
with high CER capability and tillering. Management practices 
which decrease tillering might enhance the possibility of a 
yield advantage in high-CER maize cultivars. 
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FAST II. EFFECTS OF NITROGEN FERTILITY ON PHOTOSYNTHESIS, 
GROWTH RATE, AND LEAF AREA OF MAIZE HYBRIDS 
DIFFERING IN PHOTOS'i'NTHETIC CAPABILITY 
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INTRODUCTION 
Nitrogen (N) fertility has a dramatic effect on the pri­
mary assimilatory processes' that affect plant growth. Nitro­
gen availability affects both rate of expansion of photosyn-
thetic surface area, and the unit leaf area assimilation rate 
(Greenwood, 1976). In turn, photosynthesis influences N avail­
ability within the plant by supplying the energy for N uptake 
and reduction. 
Uptake of NO^ in maize (Zea mays L.) roots is carrier 
mediated and requires 0^ and energy (Neyra and Hageman, 1975). 
Photosynthesis facilitates N uptake through greater carbon 
skeleton and energy availability. This allows for rapid 
utilization of reduced N and less feedback inhibition of N 
uptake in roots (Neyra and Hageman, 1976). Wallace (1973) 
has suggested that the bulk of N reduction activity in maize 
occurs in leaves (as opposed to roots) because of the proximi­
ty to and dependence upon the photosynthetic process. Photo-
synthetic activity is directly involved in nitrate reduction 
activity through the supplying of reducing power for nitrate 
and nitrite reductase enzymes. Nitrate reductase activity in 
leaves corresponds to photosynthesis ontogeny (Harper and 
Hageman, 1972). The photosynthetic process also furnishes 
carbon skeletons for incorporation of reduced N into amino 
acids. 
f / 
Nitrogen has a profound effect on plant photosynthetic 
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capability via effects on leaf area expansion, photosynthetic 
enzymes, and resistance to CO^ uptake by leaves. The specific 
photosynthetic changes in various plant species and the gen­
eral relationship between mineral availability and photosynthe­
sis have been recently reviewed (Natr, 1975), A reduction in 
N often leads to lower ribulose bisphosphate carboxylase 
(RUBPc) activity as well as increased mesophyll resistances 
(r ) to CO diffusion (Natr, 1975), Lower N levels have in-
m z 
creased stomatal resistance (r ) to C0_ diffusion into leaves 
S 2 
(Yoshida and Coronel, 1976) but this effect is less common 
and less pronounced than r increases (Ryle and Hesketh, 1969; 
m 
Natr, 1975; Yoshida and Coronel, 1976), 
The Cg and C^ photosynthetic mechanisms differ in 
photosynthetic enzyme systems and the relative influence 
of r^ and r^ on COg uptake. Research concerning mineral 
nutrition relationships with photosynthesis has primarily 
been done with C^ species (Natr, 1975), Because of these 
differences between C^ and C^ species, the N fertility/ 
photosynthesis relationships reported for C^ species may 
not apply to C^ plants. 
Brown (1978) has recently suggested that C^ species may 
have an N use efficiency (NUE) advantage compared to C^ 
species because of a relatively smaller investment of N for 
photosynthetic enzymes. This hypothesis is based on the large 
investment of N for RUBPc in C^ species, the relatively smaller 
amount of RUBPc in C^ species, and the relatively greater 
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carboxylating activity of phosphoenolpyruvate carboxylase 
(PEPc). Much of the support for Brown's hypothesis is circum­
stantial due to the small number of studies directly compar­
ing and species in N nutrition and CO^ uptake, and the 
small amount of data with species generally. 
The interrelated nature of N availability and photosyn-
thetic activity suggests that cultivars variable in photosyn-
thetic activity may differ in NUE. Intraspecific variation 
in leaf photosynthesis or carbon dioxide exchange rate (CER) 
exists in maize, a species (Duncan and Hesketh, 1968; 
Heichel and Musgrave, 1969; Crosbie et al., 1977). Relatively 
high CER cultivars may have greater carbon skeleton and/or 
reducing power availability. This advantage may enhance 
nitrogen use efficiency and increase growth rate. 
The objective of this research was to determine if high-
CER maize cultivars had any apparent advantages over lov-CER 
cultivars with regard to leaf area expansion, relative growth 
rate, or CER at varying levels of N fertility. 
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MATERIALS AND METHODS 
Varietal Selection 
Four experimental maize hybrids were selected based on 
previously reported leaf CER (Crosbie et al., 1978). Two 
hybrids, BSSS166 x BSSS187 (H^) and BSSS173 x BSSS187 (Hg), 
were selected for high-CER capability and two hybrids, 
BSSS18 X BSSS39 (L^) and BSSS18 x BSSS121 (Lg), for relatively 
low-CER. 
Experimental Design 
Three seeds of each line were hand planted in sand in 
11.34-liter plastic pots arranged in a split-plot design with 
four replications. Following emergence, pots were thinned 
to one plant per pot. Varieties served as main plots and 
nitrogen fertility treatments were subplots. Two pots in each 
subplot were planted to allow a repeated sampling and measure­
ment at each sampling time. In this way, each treatment mean 
of each cultivar at each sampling represented the average of 
eight plants. 
The research was carried out at the Agronomy Research 
} 
Farm located near Ames, Iowa in 1979 (Experiment l). Pots in 
this experiment were maintained in the open on concrete. The 
experiment was subsequently repeated (Experiment 2) in a 
greenhouse facility in 1979. Experiment 1 was planted June 9 
and all plants had emerged by June 15. Experiment 2 was 
( , ^ 
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planted September 9 and all plants had emerged by September 16, 
Procedure 
Pots were saturated with water following planting and 
each day after planting all pots in both experiments received 
60 ml of nutrient solution until the first sampling at two 
weeks after emergence. From two to four weeks, all plants 
received 100 ml of nutrient solution and, after four weeks, 
all plants received 200 ml of nutrient solution daily. All 
pots were thoroughly leached weekly to prevent ion accumula­
tion. 
Plants were sampled biweekly after emergence and continu­
ing through six weeks. Plants were sampled by excising at the 
sand surface and transporting them to the laboratory in water 
saturated bags. The remaining lower stem and root mass were 
washed from each pot and dried for dry weight determinations. 
At each sampling, plants were measured for CER of the most 
recent fully expanded leaf, total exposed leaf area, dry 
weight of shoot material, and dry weight of root material. 
Nitrogen Fertility Treatments 
Nitrogen treatments consisted of varying a modified 
Hoagland's solution (Hoagland and Arnon, 1950) with respect 
to N concentration (Table 6). The N solutions, from high to 
low, contained 210, 17, and 3 ppm N. 
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Table 6, Composition of three nutrient solutions used as 
nitrogen fertility treatments (from Hoaglund and 
Arnon, 1950) 
Nitrogen solution (treatment) 
Stock solution High Medium Low 
ml liter ^ 
1 M KHgPO^ 1 1 1 
1 M KNO3 5 1.25 0.25 
1 M Ca(N02)2'4H20 5 0 0 
1 M MgSO^ 2 2 2 
0.01 M CaSO^ 200 700 700 
Micronutrient solution 1 1 1 
HgBOg (2.86 — 1 gm liter ) 
MnClg'^HgO (1.81 gm liter b 
ZnSO^'THgO (0.22 gm liter" 
CuSO^'SHgO (0.08 gm liter ^ ) 
»2"°°4'H20 (0.02 gm liter ^) 
Measurements 
The CER was measured using the air-sealed chamber method 
2 
of Pearce et al. (1976), An 18.75 cm rectangular section 
was punched from each leaf for CER determinations. Leaf 
sections were preconditioned for 20 minutes at 1,000 (lE m ^ 
""1 « 
sec PPFD. Plants were repeatedly sampled to maintain fresh 
leaves for CER determinations. All sampling was completed 
before 1100 CDST to prevent moisture stressing. 
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Leaf area on each plant was measured using a Li-Cor 
Model LI 3100 Area Meter with Model LI-305A/2 automatic belt 
conveyer (Li-Cor Instruments, Box 4425, Lincoln, Nebraska). 
Exposed leaf area included only blade portions (leaf collar 
to leaf tip) and partial blade portions which were exposed. 
Dry weight of tops and roots was determined followed 
drying at 60°c for at least 48 hours. 
Relative growth rate (RGR) was calculated using the 
formula: (In - in )/(t2 - t^)} where Wg equals total plant 
dry weight at the end of the growth period; equals total 
plant dry weight at the beginning of the growth period; and 
tg - t^ equals the length of the growth period in days 
(Radford, 1967). The RGR was computed for each 14-day period 
as well as over the six-week time course of both experiments. 
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RJESULTS AriD DISCUSSION 
The objectives of this experiment relative to CER, growth 
rate observations, and leaf area expansion required that the 
selected experimental lines maintained the relative CER 
status for which they were selected. These cultivars have 
consistently maintained these CER differences in previous 
field studies (Crosbie et al., 1978; Part I above). Interpre­
tation of a photosynthetic influence on leaf area and dry 
weight accumulation patterns at varying N levels depends upon 
the assumption of different reducing power and carbon skeleton 
availability based on CO^ uptake differences. 
Photosynthesis 
Selected hybrids generally maintained the CER status for 
which they were selected but differences were not always 
statistically significant (Table 7). The variations from 
this pattern that occurred suggest an interaction between leaf 
CER, N fertility, and experimental environments. Leaf CER of 
the high selections were somewhat lower than previously ob­
served in field-grown plants (Crosbie et al,, 1978; Part I 
above). This suggests that CER may have been more limited in 
this experiment by environmental factors than genotypic char­
acteristics. Leaves under high N fertility were larger and 
more lacerated by wind and/or insects in Experiment 1, thus 
decreasing the active photosynthetic area in a measured leaf 
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Table 7. Measured carbon dioxide exchange rates (mg CO-, 
- 2 - 1  .  dm hr ) of most recently fully expanded maize 
leaves at successive samplings during vegetative 
growth; hybrids were selected based on previously 
observed photosynthetic capability and grown in 
three levels of nitrogen fertility (210, 17, and 
3 ppm) in two experiments 
Nitrogen 
fertility Variety 
Experiment 1 
Time after 
emergence (weeks) 
2 4 6 
Experiment 2 
Time after 
emergence (weeks) 
2 4 6 
High (Ng) 
Medium (N^) 
Low (N^) 
LSD .05' 
LSD .05 
-2 -1 
-mg COg dm hr -
«1 36 28 31 28 41 34 
«2 29 26 29 34 52 28 
L 
1 
28 22 15 31 35 18 
^2 27 19 26 24 36 26 
"l 23 32 30 22 42 24 
23 28 30 31 37 26 
17 28 23 23 38 17 
^2 17 31 17 19 32 18 
«1 23 19 20 21 28 23 
«2 . 26 21 14 21 28 17 
^1 16 13 17 19 17 17 
^2 12 13 15 15 19 17 
3.1 4.3 3.8 4.8 5.7 1. 
2.8 5.1 4.3 5.2 5.6 3.; 
^For comparisons among cultivars within fertility levels. 
^For comparison^ among fertility levels within cultivars. 
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section. 
Leaves of all plants of both high-CER selections ex­
hibited purpling discoloration of margins at high N avail­
ability. This pigmentation is characteristic of anthocyanin 
and a symptom of starch accumulation in leaves. Starch 
accumulation may have resulted from two situations: (1) high 
N (210 ppm) may have induced an NO^/po^ ion competition which 
resulted in phosphorus deficiency and poor sucrose transloca­
tion. High N has reduced phosphate uptake in maize in a pre­
vious study (Bennett et al., 1962); (2) poor sink development 
and feedback of assimilates. Where sink development was pre­
vented in maize, leaf CER has decreased due to feedback of 
assimilates and leaf margin purpling was reported (Allison 
and Weinmann, 1970; Moss, 1962). The high CER cultivars in 
this study have been observed to tiller profusely in field 
experiments (Part I above) but tillers were absent from 
these pot-grown plants. This may have created a feedback 
of assimilates in the high CER lines, inducing leaf margin 
discoloration, and reducing CER. 
Reduced N fertility resulted in lower leaf CER in both 
experiments (Table 7). These observations are consistent with 
data foi: other Species (Natr, 1975). Leaf CER was variable 
relative to N fertility in the different environments but the 
interaction did not appear to be related to CER status. There 
was no evidence that high-CER maize cultivars had any innately 
greater N use efficiency (NUE) with respect to maintaining 
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leaf CER. The lower CER levels for the high-CER selections 
in this study would have reduced any expression of a NUE 
advantage. 
Leaf Area 
High N availability greatly increased leaf area in all 
hybrids (Figures 2 and 3) and also resulted in the high CER 
lines exhibiting greater leaf area expansion rates in Experi­
ment 1 (Figure 2). In Experiment 2, high CER lines with 
high N had greater leaf area at week 4 but high leaf area 
expansion of one of the low-CER cultivars prevented any dif­
ferences between the two groups at week 6 (Figure 3). 
Leaf area expansion patterns of the selected lines 
appears to interact with growth environment, conditions. In 
other studies in which leaf area of field-grown plants was 
compared for these hybrids, the high-CER cultivars had greater 
leaf area primarily due to greater tillering tendency (Part I 
above). Tillers did not develop in these pot-grown plants in 
either Experiment 1 or 2, yet the data suggest that high-CER 
cultivars may have some advantage in leaf area expansion 
under high N availability. This would support the hypothe­
sis that reducing power and carbon skeletons from photosyn­
thesis aid in N uptake and utilization (Wallace, 1973). 
The inconsistent pattern of leaf CER across environments 
in these experiments precludes firm conclusions. One of the 
selected low-CER hybrids (Lg) appears to function more as a 
2 Figure 2. Leaf area per plant (cm ) at successive biweekly 
samplings (emergence to two weeks; i:W:^ ; two to 
four weeks ; four to six weeks I _ I ) 
during vegetative growth of maize hybrids; cul-
tivars were selected based on previously ob­
served high (H,, H2) or low (L^, L2) photosyn-
thetic capacilxty and grown in three levels of 
N fertility; 3 ppm N (N^), 17 ppm N (N2)»_and 
210 ppm N (N3) in pots in the open (Experiment 1) 
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2 Figure 3. Leaf area per plant (cm ) at successive biweekly 
samplings (emergence to two weeks ; two to 
four weeks V////A ; four to six weeks f I ) 
during vegetative growth of maize hybrids; cul-
tivars were selected based on previously ob­
served high (H^, Hg) or low (L^, Lg) photosyn-
thetic capability and grown in three levels of 
N fertility: 3 ppm N (N^)» 17 ppm N (N^)» 210 
ppm N (N3)  in pots in the greenhouse (Experiment 2) 
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high-CER cultivar in Experiment 2. As such, it responded as 
a high-CER cultivar with increased leaf area expansion (Figure 
3) and dry weight accumulation when compared to (Table 8). 
Relative Growth Rate 
The high-CER lines exhibited greater RGR at high N 
availability in Experiment 1, but not in Experiment 2 (Table 
8), No consistent pattern of RGR emerged between the two CER 
groups in Experiment 2. The differences in relative RGR of 
the two CER pairs in the two experimental environments makes 
it difficult to conclude that high-CER cultivars have a RGR 
advantage over low-CER cultivars with high N availability. 
Relative growth rates generally reflected N fertility 
but not consistently so. The possible NO^/PO^ ion competi­
tion and/or assimilate feedback and the effects on CER may 
have directly affected growth at high N levels. Hybrids 
were quite variable in RGR at any time period and momentary 
leaf area changes during rapid leaf expansion may be the 
factor which primarily determined aasimilatory capacity and 
RGR during these periods. 
Photosynthetic Index (PI) 
The PI was computed for sampled plants based on (CER* 
leaf area) (Table 9). This PI is a specific estimate of 
total photosynthetic potential of the hybrids. In Experiment 
1, PI was higher for the high-CER group at medium or high N 
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—1 —1 Table 8. Measured relative growth rate (RGR) (g g day x 
10%) of maize hybrids between successive sampling 
times during vegetative growth; hybrids were se­
lected based on previously observed photosynthetic 
capability and grown in three levels of nitrogen 
fertility (210 ppm, N3; 17 ppm, 
two experiments 
N 2; 3 ppm. N^) in 
Experiment 1 
Time/period after 
Experiment 2 
Time period after 
Nitrogen 
fertility Hybrid 2-4 4-6 2-6 2—4 4-6 2-6 
— 1 — 
^ X 10 2 g g day 
High (Ng) «1 7.8 7.6 7.7 7.3 11.5 9.4 
"2 8.4 7.1 7.5 9.1 9.1 8.9 
7.6 3.8 5.7 6.6 9.8 8.3 
S 6.3 5.7 5.9 7.1 11.5 9.4 
Medium (N^) 6.1 7.9 7.0 4.3 10.1 7.5 
«2 5.6 10.5 8.0 6.2 9.7 8.0 
^1 7.6 7.9 7.6 5.8 9.3 7.5 
5.0 9.7 7.7 5.2 11.6 8.4 
Low (N^) 2.7 6.2 4.8 1.4 7.0 3.2 
"2 
5.5 4.4 4.9 2.6 6.7 5.1 
L 
1 4.4 3.9 4.5 3.6 4.5 4.1 
t'2 3.8 4.6 4.3 1.7 7.0 3.8 
LSD .05^ 1.6 2.3 0.6 0.9 1.5 0.6 
LSD .05^ 1.6 1.9 1.0 1.0 1.8 0.7 
^For comparisons among cultivars within fertility 
levels. 
^For comparisons among fertility levels within 
cultivars. 
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Table 9. Photosynthetic index (leaf area'leaf CER) of maize 
hybrids at successive samplings during vegetative 
growth; hybrids were selected based on previously 
observed photosynthetic capability and grown in 
three levels of nitrogen fertility (210 ppm, Ng* 
17 ppm, N2; 3 ppm., Ni) in two experiments 
Nitrogen 
fertility 
Experiment 1 
Time after 
emergence (weeks) 
Experiment 2 
Time after 
emergence (weeks) 
Variety 
High (Ng) 
Medium (N^) 
Low (N^) 
LSD .05' 
LSD .05^ 
H, 
— 1 ""1 
•mg COg plant hr -
2130 5088 12777 1592 10024 22087 
1 
"2 1814 4779 12886 2284 15386 24845 
L 1433 3477 3936 1836 6004 11834 
^2 1594 3292 
8500 1063 8113 28285 
705 2896 7507 975 4480 11563 
«2 848 2197 9320 1417 5196 15326 
572 2564 5653 879 4900 10099 
^2 764 1707 5714 843 4000 12149 
"1 592 894 1543 717 1008 3076 
«2 632 1385 1341 1062 3222 3736 
377 658 1343 517 905 2551 
S 327 756 1294 517 565 3510 
296 1047 1758 316 1819 3711 
205 957 1815 363 1498 3053 
^For comparisons among cultivars within fertility 
levels. 
^For comparisons among fertility levels within 
cultivars. 
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availability for later samplings. In Experiment 2, the high-
CER group with high N had an advantage only at the four-week 
sampling. The leaf area expansion of in Experiment 2 
accounted for a PI more similar to the high-CER hybrids. The 
large leaf area variations relative to CER among treatments 
imply that PI values are dominated by leaf area variation. 
For this reason, PI values add little information to conclu­
sions derived from leaf area data, but generally demonstrate 
overall assimilatory potential of the hybrids. 
Interactions 
The observations discussed thus far with regard to leaf 
CER, leaf area expansion, and RGR suggest that high-CER hy­
brids do have a growth advantage in some environments. High 
levels of N appear to have enabled the high-CER hybrids to 
exhibit a clear growth advantage in Experiment 1, but less 
often in Experiment 2. 
Experiments 1 and 2 were conducted in different environ­
ments. The solar radiation and temperature environments are 
of particular interest with respect to photosynthetic assimi­
lation, respiration, and" growth. Experiment 1 was conducted 
in the open during June and July and photosynthetic photon 
flux densities (400-700 nm) (PPFD) were often in excess of 
— 2  — 1  2,000 fj,E m sec on cloudless days. Experiment 2 was 
conducted in a greenhouse during September and October. The 
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midday PPFD at upper leaf height measured midway through 
" 2 — 1  Experiment 2 (week 3) was 1650 nE m sec and decreased to 
1490 (iE m ^sec"^ (400-700 nm) PPFD. Total solar radiation re­
ceived daily was also decreasing as days became shorter. 
Temperature differences were also observed. Experiment 
1 was conducted in the open on a concrete surface where tem­
peratures at pot and plant height were frequently in excess 
of 35°C at midday. Root medium temperatures were also com­
monly greater than 30°c. Winds often lacerated leaves, and 
larger, higher fertility leaves tended to be relatively more 
damaged. Temperature and wind also increased atmospheric 
moisture demands which would be expected to be greater as leaf 
surface area increased. This increased the likelihood of 
moisture stress for plants with greater leaf area. Although 
leaves never showed visual signs of moisture stress, plants 
may have encountered transpiration rates in excess of available 
moisture in Experiment 1. Relative expansion and assimilatory 
capability between the hybrids would be altered during these 
periods and these differences are reflected in the lower leaf 
area expansion and RGR in Experiment 1 compared to Experiment 
2 .  
In Experiment 2, temperature was controlled thermo­
statically and plant environmental temperatures remained at 
27 _+ 1°C. I would not expect plants in Experiment 2 to have 
experienced moisture stresses although these temperatures are 
greater than those frequently encountered by field-grown maize 
51 
in temperate regions during normal vegetative development. 
Temperature, in addition to effects on moisture, could affect 
relative dark respiration rates and create interactions be­
tween environments and growth rates for the hybrids which 
vary in CER. 
These cultivars normally produce tillers in the field 
(Part I above). The absence of tillering in these growth 
environments likely resulted from the relatively warm tempera­
tures in both environments. Moisture availability in Experi­
ment 1 may have also reduced tillering. The temperature en­
vironments by way of effects on tillering and plant growth 
had a profound influence on assimilate balance within the 
plants, on leaf area expansion, and RGR. Assimilate balancing 
among plant organs is complex and easily affected by growth 
environment. For this reason, great care must be taken in 
planning experiments to answer questions with regard to 
photosynthetic assimilate balances. 
Data reported here suggest that high-CER maize cultivars 
may be capable of utilizing high levels of N for greater growth 
rates than low-CER hybrids, particularly under high solar 
radiation. Further experiments are needed with vigorously 
controlled environments if relative growth advantages of high 
CER cultivars are to be quantified at different N levels. 
The environmental interactions observed here indicate that the 
assimilatory interactions of photosynthesis, leaf area expan­
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sion, and dry weight accumulation are greatly confounded. 
The low photo synthetic rates obser\'ed for high-CER maize 
hybrids in these experiments suggest that the environments 
imposed a limitation to CER. 
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PART III. STOMATAL FREQUENCY AND STOMATAL RESISTANCE OF 
MAIZE HYBRIDS DIFFERING IN PHOTOSYNTHETIC CAPACITY 
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INTRODUCTION 
Stomatal frequency and the resistances related to 
stomatal activity are important in determining the rate of 
carbon dioxide (COg) movement into leaves. Increases in 
porosity should dècrease the resistance to CO^ diffusion 
into the leaf and reduce the concentration gradient between 
ambient air and the chloroplast. Increased porosity also 
increases transpiration of water from the leaf and may be 
costly to the plant in terms of water use efficiency. 
Attempts have been made to relate stomatal frequency (SF) 
and/or stomatal resistance (r^) to photosynthesis and tran­
spiration. Peet et al. (1977) concluded that r^ was poorly 
related to dry bean (Phaseolus vulgaris L.) photosynthesis. 
In earlier work, Izhar and Wallace (1967) found a lower 
photosynthesizing dry bean cultivar which had 40% greater SF 
than one with higher photosynthesis. Other work with dry 
beans revealed that two cultivars had different r^ one year, 
but not the next year despite differences in photosynthesis 
(Kueneman et al., 1979). In soybean (Glycine max L., Merr.), 
varietal variation in CO^ exchange rate was negatively corre­
lated to r^ (r = -0.71) in one study (Dornhoff and Shibles, 
1970) but the two parameters were unrelated in another (Morgan, 
1977). Barley (Hordeum vulaare L.) genotypes with different 
stomatal frequencies had similar CER (Miskin et al., 1972). 
This was also true for orchardgrass (Dactvlis alomerata L.) 
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(Wilson, 1979) and Lolium (Wilson and Cooper, 1969). Among 
24 tomato (Lvcopersicon esculentum Mill.) genotypes variable 
in CER and r , stomatal resistance was not statistically re-
s 
lated to CER, and r^ was relatively small compared with other 
resistances (Augustine et al., 1976). However, tomato geno­
types with significantly higher r^ tended to have lower CER. 
Among 26 barley mutants, r^ variation was found to account for 
CER variation in some instances but not in others (McCashin 
and Canvin, 1979). Other studies with barley indicate that 
decreased SF increases r^ but does not affect CER (Miskin 
et al., 1972). Leaf CER and r^ were negatively correlated 
among 20 oat (Avena spp.) genotypes, but r^ was small compared 
to other resistance components (Criswell, 1970). In other 
studies with oat lines variable in CER, r was of primary 
m 
importance and r^ was not different among cultivars (Brinkman 
and Frey, 1978). 
It appears that increased porosity is not always associated 
with higher CER. The reason for this lies in the relative 
influence of r^ compared to internal mesophyll resistances 
(r ). In C_ carboxylating species, r is a relatively larger 
m J m 
component of total resistance to CO^ uptake than r^. By com­
parison, C^ carboxylating species exhibit relatively small 
r^, so r^ should have a relatively greater influence on CER. 
The species discussed thus far have been C^ species which may 
account for the inconsistent relationship between porosity 
and CER. 
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Relatively little work has been done relating porosity 
to CER in species. Irvine (1975) fotind CER in sugarcane 
(Saccharuxn officinarum L.) to be closely related to adaxial 
leaf porosity (reciprocal of resistance). Heichel (1971) 
reported that one low-CER maize inbred had higher SF and 
lower r than another high-CER inbred. This contradicts 
s 
what would be expected from maize, a species, but illus­
trates that even in C. species, the r may become more limit-4 m 
ing than r . 
The water use efficiency costs need to be considered 
in attempts at increasing leaf CER by increasing leaf 
porosity. Among five barley populations, a 25% decrease in 
SF decreased transpiration 24% without affecting photosyn­
thesis (Miskin et al., 1972). Other studies with Lolium 
confirm that increased porosity influences transpiration and 
water use efficiency more than photosynthesis (Wilson, 1975), 
at least in species. 
Wilson (1979) proposed that the most desirable porosity 
may differ with and species and with environment. He 
suggests that low porosity is desirable in species because 
it would improve water use efficiency without affecting CER. 
Conversely, C^ species should respond to increases in porosity 
with increases in CER and these changes should not be detri­
mental as long as water loss is not stress inducing. In 
warmer climates, where water is not limiting, greater porosity 
may be beneficial to both types of species because of increased 
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cooling capacity. 
These relatively inconsistent reports relating leaf 
porosity and leaf CER prompted an experiment with the general 
objective of comparing leaf porosity in maize cultivars 
variable in CER. Specifically, this experiment sought to 
determine if maize hybrids which differ in CER also differ in 
leaf stomatal diffusion resistance and/or stomatal frequency. 
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MATERIALS AND METHODS 
Six experimental maize hybrids were selected based on 
their previously reported leaf CER (Table 10). Three 
hybrids, (BSSS018 x BSSS039), (BSSS018 x BSSS121), 
and (BSSSOlB x BSSS161), were selected for low-CER and 
three hybrids, (BSSS166 x BSSS173), (BSSS166 x BSSS187), 
and (BSSS173 x BSSS187), were selected for high-CER. 
The experimental plots were hand planted at the Agronomy 
Research Farm near Ames, Iowa in 1978 and 1979 on Clarion 
(Typic Hapludoll, fine-loamy mixed mesic) soils. They were 
arranged in a randomized complete block design with four 
replications. Fertility consisted of 202 kg N/ha incorporated 
prior to planting and 80 kg/ha phosphorus and potassium plowed 
down the previous fall. Alachlor herbicide was applied 
initially for weed control and plots were subsequently hand 
weeded. Plants were spaced 25 cm apart in rows 4 m long and 
75 cm apart. A second planting (June 6, 1978; June 6, 1979) 
followed the first planting (May 6, 1978; May 6, 1979) both 
years. 
Measurements 
Shortly after silking (15 days, 1978; 18 days, 1979) 
three plants of each hybrid in each replicate were measured 
on three successive days. Diffusive resistance measures were 
conducted between 0900 and 1200 hours CST both years. All three 
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Table 10, Previously reported carbon-dioxide exchange 
rates (CER) of experimental maize hybrids at 
various growth stages 
Data of Data of 
Gaskell Crosbie et 
(Part I) al. (1978) 
CER CER 
Hybrid (vegetative) (vegetative) 
mg CO2 dm ^hr ^ 
35 43 22 
36 34 24 
32 45 25 
53 62 29 
57 60 30 
59 58 34 
measurement days were cloudless in 1978 and intermittent 
cloudiness occurred on two days in 1979. Measurements were 
taken with as little cloud cover as possible to prevent the 
compounding influence of variations in solar radiation on 
stomatal resistance. 
Stomatal resistance (r^) of the adaxial leaf surface 
of the uppermost ear-leaf was measured using a Li-Cor Model 
LI-65 Autoporometer (Li-Cor Instruments, Box 4425, Lincoln, 
Nebraska). Measurements were taken from the leaf blade 
approximately one-third of the distance from the leaf tip. 
Data of 
Crosbie et 
al. (1978) 
CER 
(grain 
filling) 
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Leaves in each plot were selected based on similar orientation 
of the leaf surface with respect to the sun. The sensor was 
situated midway between the leaf margin and midvein on each 
leaf surface. 
Stomatal freauencv (SF) was subsequently measured on the 
same leaf area measured for r . Leaves were excised and 
s 
placed in moist paper towels for transport to the laboratory. 
The SF was determined microscopically from butyl acetate/ 
nitrocellulose compound impressions taken from each surface. 
Three full field stomatal counts under 100 power on a 1.77 
2 
mm field were taken as the mean value of each cultivar in 
each replicate. 
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RESULTS AND DISCUSSION 
Stomatal Resistance 
Hybrids of the high~CER group tended to have lower leaf 
r^ both years (Figure 4a). The r^ was not significantly dif­
ferent from day to day either year and values in Figure la 
represent mean values of three daily measures. Ranking of 
r^ within groups of hybrids was different in 1978 and 1979; 
for example, the hybrid exhibiting the highest r^ among the 
high group in 1978 was lowest in 1979. Nevertheless, the mean 
r^ values of each of the three high-CER hybrids were always 
lower than the r^ values of the low-CER group and two of 
three high-CER hybrids were significantly different from two 
of three low-CER hybrids. 
Stomatal resistance is a transitory value that is dra­
matically affected by plant physiological processes as well 
as environmental factors. The hybrid groups investigated in 
this study have consistently exhibited CER differences 
(Table lO) that justify the characterization of them into 
separate CER groups. In other studies, early vegetative CER 
of these hybrids was measured weekly (Part I above). The 
mean CER of individual low-CER hybrids was also consistently 
lower than that of the high-CER hybrids but relative CER 
ranking within each group was observed to vary on a weekly 
basis. The observed CER fluctuations within a group suggests 
that the "high" and "low" CER characterization may be thought 
Figure 4. Stomatal resistances and stomatal frequencies of field-grown maize hybrids 
hybrids selected for previously observed high (H^, H^) or low 
(L^, carbon-dioxide exchange rate capability; plants were 
measured daily for three consecutive days in 1978 and 1979j values 
reflect means across daily measures (no significant difference 
observed between days) 
4a 
1978 SEASON 
Hi Hg H3 
^ ^  ^  
Hi Hg H3 
HIGH CER LOW CER 
HYBRID 
1979 SEASON 
Hi H2 H3 Li L2 L3 
Hi H2 H3 Li L2 La 
HIGH CER LOW CER 
HYBRID 
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of more as a reference potential. In this way, the observed 
leaf CER would ultimately be limited by this potential, but 
momentary CER capability would depend also upon other factors 
such as: leaf mineral nutrition, source-sink activity, and 
other factors. 
Stomatal Frequency 
The SF of high CER cultivars was greater than low CER 
cultivars both years (Figure lb). The SF plays a role in 
determining potential r^, but other factors such as stomatal 
size or stomatal opening and closing have also been observed 
to influence r^ (Holmgren, 1968). The SF was not correlated 
with r^ in either year. The relationship between SF and CER 
potential suggests that SF affects potential r^ limitations 
on CER with high CER capability hybrid maize plants and 
perhaps other C^ species as well. 
The SF was also somewhat variable between years, par­
ticularly in low CER hybrids (Figure 4b). This demonstrates 
the importance of environmental factors such as moisture, 
temperature, and fertility on leaf expansion. Despite these 
environmental differences, the relative relationship of SF 
and r^ between CER grtoups remained consistent. 
This is one of few reports of a strong relationship be­
tween low r^, high SF, and high leaf CER capability. Few 
studies have investigated C^ species where CER is often af­
fected more by r^ relative to mesophyl resistance. Further 
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research to determine r^ and SF relationships over a broad 
range of maize genotypes variable in leaf CER would be useful 
in determining the role of r^ in maize genotypic CER varia­
bility. 
The lower r associated with higher CER capability is not 
s 
without transpirational costs. The relatively large stomatal 
resistance role in overall resistance to CER believed to 
exist in C^ species suggests that decreased stomatal resis­
tance may be a large factor in genotypic CER improvement. If 
this is the case, the presumed advantages associated with 
high CER may be limited to irrigated maize or situations where 
water is not normally limiting to plant growth. 
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SUMMARY AND CONCLUSIONS 
Studies were undertaken to investigate growth patterns 
and physiological processes among experimental maize lines 
which differed in photosynthetic capability. Six maize hy­
brids were selected for CO^ exchange rate (CER) level. Three 
hybrids were selected for high-CER and three for low-CER 
based on previously reported photosynthetic capability. 
The first set of experiments compared the field-grown 
maize hybrids for two planting dates and for two growing 
seasons. Leaf CER, leaf area of main culms and tillers and 
plant dry weight in main culms and tillers were measured 
weekly through six weeks of vegetative growth. 
The two CER groups differed in rate of leaf area de­
velopment, but differences were attributable to tillering 
differences. The three high-CER hybrids tillered more pro­
fusely than any of the low-CER hybrids. When tillering was 
retarded by late planting during one growing season, little 
leaf area differences were apparent between the two CER 
groups. Dry weight apportioning patterns between main culms 
and tillers suggested that the high-CER lines exported main 
culm dry weight to tillers or other unmeasured plant parts. 
It was concluded that high-CER maize hybrids may have a 
greater physiological tendency to develop alternative "sinks" 
for photosynthetic assimilates. These sinks may then actively 
compete with developing grain for photosynthates and deny 
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high-CER cultivars any grain yield advantage. 
The second study utilized sand culture and nutrient solu­
tions with a range of nitrogen (N) concentrations. This 
experiment sought to determine if the two CER groups of maize 
lines were different in leaf area expansion or related 
growth rate (RGR) at different N levels. 
The measured CER of the high-CER hybrids, although 
greater than those of the low-CER lines, were not as great 
as has been observed in other studies. This may have been 
caused by an environmental limitation on CER, perhaps imposed 
by NO^/po^ ion competition or source-sink carbon accumulation 
and feedback inhibition of photosynthesis. Within the con­
straints imposed by the CER anomalies from this experiment, 
high-CER cultivars showed no N-use efficiency advantages at 
lower N levels. Under some environmental conditions, how­
ever, high-CER cultivars had more rapid leaf area expansion 
and RGR with high N availability. It was concluded that 
further study is needed, in which growth environment is 
rigorously controlled, to compare high and low-CER cultivars 
in N-use efficiency. 
The third study compared high and low-CER maize lines in 
stomatal frequency (SF) and stomatal resistance (r^). The 
adaxial surface of leaves subtending uppermost developing 
ears was measured on three consecutive days during early 
grain filling. The experiment was repeated during two growing 
seasons on field-grown plants. 
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High-CER maize hybrids had greater SF and lower r^ 
both years. The SF and r^ and relative ranking of SF and r^ 
within groups changed from year to year but the two CER 
groups ranked the same both years. It was concluded from this 
study that greater stomatal frequency and lower stomatàl resis­
tances were associated with the higher leaf CER of the high-
CER hybrids. Lower r^ may be an inadvertent change brought 
about in maize cultivars developed for high leaf CER. This 
may limit the use of these cultivars in environments where 
water is limiting to plant development. 
The results of these studies indicate that environment 
and management may be critical in the utilization of high-CER 
maize germplasm. Perhaps the advantages of high photosyn­
thesis will best be expressed in an environment with the 
following: 
1. High plant population or as an alternative, for 
late season planting, both of which would reduce 
tillering; 
2. High solar radiation which would enable lower 
leaves to express the capability of high CER; 
3. High N availability to efficiently utilize the 
greater relative reducing power and carbon skeleton 
availability; 
4. Irrigated or nonlimiting moisture availability to 
satisfy transpirational requirements associated with 
greater leaf porosity. 
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